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The oceanic uptake of anthropogenic CO2 causes pronounced changes to the marine carbonate system.
High quality pCO2 measurements with good temporal and spatial coverage are required to monitor the
oceanic uptake, identify regions with pronounced carbonate system changes, and observe the effec-
tiveness of CO2 emission mitigation strategies. There are currently several instruments available, but
many are unsuitable for autonomous deployments on in situ platforms such as gliders, moorings and
Argo ﬂoats. We assess currently available technology on its suitability for in situ deployment, with a focus
on optode technology developments.
Optodes for pCO2 measurements provide a promising new technological approach, and were suc-
cessfully calibrated over the range of 280e480 matm applying modiﬁed time-domain dual lifetime
referencing. A laboratory precision of 0.8 matm (n ¼ 10) and a response time (t90) of 165 s were achieved,
and with further development pCO2 optodes may become as widely used as their oxygen counterparts.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Atmospheric CO2 concentrations have increased from 280 matm
in pre-industrial time to daily averages over 400 matm atMauna Loa
Hawaii in May 2016 [1]. The principle sources of anthropogenic CO2
for the period 2004e2014 were fossil fuel burning and cement
production (8.9 ± 0.4 Gt C yr1), and land-use changes
(0.9 ± 0.5 Gt C yr1) [2]. Atmospheric CO2 concentrations are ex-
pected to continue to increase, with 800 matm projected by the end
of the 21st century [3]. However, less than half of the annual CO2
emissions remain in the atmosphere; a quarter end up in the ocean,
with the remainder absorbed by terrestrial systems [4]. The ocean
is thus a major CO2 sink [5], and therefore is key to our under-
standing of the global carbon cycle. The wider ecological and
biogeochemical impacts from increasing seawater CO2 are yet to be
fully understood, with increasing quantities of data required to
improve process understanding [6]. One known consequence of theentre for Ocean Research,
r B.V. This is an open access articleoceanic uptake of anthropogenic CO2, is a decrease in seawater pH
with an average reduction of 0.002 pH units per year [7e9]. This
CO2-induced proton release is partially mitigated by the buffering
capacity of dissolved bicarbonate and carbonate ions in seawater.
However, this buffering capacity is projected to decrease as the
anthropogenic CO2 uptake by the ocean continues [10,11].
The ocean carbonate system can be deﬁned by six variables-
Dissolved Inorganic Carbon (DIC), Total Alkalinity (TA), pCO2, pH,
and the concentrations of bicarbonate and carbonate ions [12].
Measurements of any two variables, along with relevant metadata
(temperature, salinity, pressure, and nutrients), allow the calcula-
tion of the other four. Currently, four of the six carbonate system
variables are readily measurable: DIC, TA, pCO2 and pH, although
only pH and pCO2 are analysed routinely in situ.
The oceans are strongly under sampled, and sustained autono-
mous in situ observations with sensors are needed to provide
enhanced spatial and temporal coverage. Sensors, deﬁned here as
deployable in situ (i.e. subsurface) analysers, allow measurements
on a range of oceanic platforms, and improve both the quantity and
quality of data available to facilitate detection of long-term trends.
Desirable characteristics for in situ chemical sensors include lowunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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J.S. Clarke et al. / Trends in Analytical Chemistry 88 (2017) 53e6154cost, low power requirements, ease of integration into platforms,
and limited calibration requirements [13]. Whilst shipboard de-
ployments have few constraints on size, power or autonomy, they
are expensive to operate, and provide limited temporal and spatial
coverage. Gliders and Argo (http://dx.doi.org/10.17882/42182)
ﬂoats are mobile platforms that travel through the water column at
ca. 0.25 m s1 [14] and 0.06 m s1 [15], respectively, and require
sensors with small sizes, fast response times and an ability to cope
with a range of temperatures and salinities dependent on deploy-
ment locations. Moorings and buoys remain at a single location for
long periods of time (months to years), and demand longer oper-
ational lifetimes for the sensors, but often with less frequent
measurements over limited temperature and salinity ranges [16].
2. Sensor technologies for carbon system parameters
The general state of oceanic biogeochemical sensors has been
previously reviewed [17e19], and commercially available pCO2
sensors for use in coastal environments have been evaluated by the
Alliance for Coastal Technologies [20].
This paper reviews current technologies for the measurement of
open ocean pCO2. We compare and contrast the existing technol-
ogies, and report on the deployment methods for the current
generation of sensors, with a discussion on recent developments in
optode technology. The metrological data of a range of commonly
used commercial sensors is provided in Table 1. Where available,
data from peer reviewed journals and the Alliance for Coastal
Technologies inter-comparison has been used.
Most measurement techniques for CO2 use one of 4 basic ap-
proaches: gas based, electrochemical, wet-chemical or ﬂuorescent
optode analysis. A general description of each approach is presented
below, with an evaluation of the potential for in situ sensing of the
current technology. It is important to note, that temperature cross-
sensitivity is a problem for all sensors with respect to in situ CO2
analysis, and therefore temperature measurements alongside the
CO2 measurements are required. Calibration of sensors is typically
performed with reference gases, either through direct introduction
into the detector or by bubbling the gases through seawater in
which the sensor is positioned (at relevant temperatures).
2.1. Gas-based pCO2 analysis techniques
Gas-based techniques transfer seawater CO2 into the gas phase
prior to analysis. In a ﬂow-through equilibrator system, the CO2 is
equilibrated between seawater and a gas phase, and the equili-
brated gas subsequently transferred to a detector for analysis. The
equilibrator design inﬂuences the water-gas exchange efﬁciency,
and therefore determines the sensor response time. There are four
main equilibrator designs: bubbler type [36], shower type [37,38],
laminar ﬂow [39] and percolated-bed [40,41]. In more recently
developed silicone-based membrane equilibration systems
[21,26,42], the seawater CO2 diffuses across a semi-permeable
membrane to a continuous internally circulating dry nitrogen gas
stream [21,23]. Membrane-based systems can be more compact by
utilising a closed gas ﬂow system, and therefore are more suited for
in situ deployment, compared with other equilibrator designs.
However, pressure variations may have physical effects on mem-
branes when deployed at depth and may inﬂuence the sensor
response times [15].
An inter-comparison exercise revealed no signiﬁcant differences
between various pumped equilibrator types [43], although passive
diffusion membranes had slower response times [44]. The same
study also noted the importance of accurate equilibrator and in situ
temperature measurements, with poor temperature readings giv-
ing inconsistent pCO2 results.
J.S. Clarke et al. / Trends in Analytical Chemistry 88 (2017) 53e61 552.1.1. GC based pCO2 detection
Gas chromatography (GC) based pCO2 detection was pioneered
on ships in the 1970s [36,45], whereby CO2 is extracted into an
internal carrier gas stream and reduced to methane with a nickel/
palladium catalyst before analysis with a ﬂame ionising detector
[36,46]. The GC technique can be used for analysis of both atmo-
spheric and water samples, allowing determination of air-sea pCO2
ﬂuxes. The approach uses small air sample volumes (1 ml [37]), has
a linear response over a wide range of CO2 concentrations
(250e2000 matm [47]), and produces high quality shipboard data
with a precision <0.25% [48]. However, GC requires stable tem-
peratures, a ﬂame, pressurised gas to move the sample through the
system, an expensive catalyst for analysis, as well as large water
sample volumes (200e500 ml [49]). For these reasons, the GC
analysis has not been developed further into in situ systems.
2.1.2. NDIR spectroscopy pCO2 detection
Non-dispersive infrared spectroscopy (NDIR) uses the charac-
teristic vibration of gaseous CO2 upon absorption of infrared radi-
ation. NDIR has a non-linear response over a wide measurement
range (0e3000 matm, [50]). It is widely used for shipboard pCO2
measurements, with increasing numbers of commercial in situ
systems, featuring a variety of response times, precisions and
concentration ranges (see Table 1).
The NDIR based systems have been deployed on buoys and
moorings [51], and on commercial ships (termed ships of oppor-
tunity) which have limited sensor maintenance opportunities [41].
The latter deployments have provided high-quality and high-
resolution surface ocean data along commercial shipping routes,
readily available through the SOCAT website [52], and have greatly
increased our understanding of spatial and temporal pCO2 vari-
ability [26,41,53].
To correct for detector drift, regular calibration with certiﬁed
reference gases is required along with daily blank measurements.
The seawater-equilibrated gas must be dried (to minimise band
broadening) before entering the NDIR detector. These re-
quirements, and the limited quantiﬁcation of pressure effects, have
so far limited in situ deployments on mobile platforms [15]. Recent
studies have shown that marine air can be used as an alternative
reference during deployment periods in between land-based cali-
brations [15], or soda lime can be used to remove CO2 from the
seawater-equilibrated air-stream as an alternative blank [21].
In addition, for the best measurement precision and accuracy,
the NDIR detector requires stable temperatures. The use of a heater
forms a possibility to maintain a constant temperature gradient
[21], however this constitutes an additional power requirement.
Furthermore, variations in water temperatures can have signiﬁcant
effects on sensor response times, and can lead to challenges during
deployments in dynamic ocean areas or on mobile platforms [15].
At present, NDIR systems produce in situ pCO2 measurements at
the highest accuracy and precision, and the alternative calibration
and zeroing procedures facilitate in situ deployment of NDIR.
However, the systems are typically large (Table 1), require regular
drift corrections and re-calibration to ensure long-term measure-
ment stability, have high power requirements, which all make
deployment on autonomous platforms challenging.
2.1.3. Cavity ring-down spectroscopy for pCO2 measurements
Cavity ring down spectroscopy (CRDS) utilises the absorption of
light by CO2 at a wavelength of ca. 1600 nm produced by a narrow
bandwidth continuous-wave laser. Once a pre-set light intensity is
reached in the mirror-lined cavity, the laser is switched off and the
light decay over time is analysed with a photodiode. Increasing
concentrations of CO2 increase the light attenuation [54]. The
technique can be used to measure pCO2, as well as correspondingisotopes (12CO2, 13CO2), carbon monoxide, methane and water
vapour concentrations for full characterisation of the ocean carbon
cycle [28]. The technique has been used for measurements of both
atmospheric and seawater CO2 [29].
Early seawater applications showed an accuracy of 0.5 ppmv and
a response time (t90) of 400 s [29], with the response time strongly
inﬂuenced by the equilibrator design and water ﬂow rate [55]. A
stability of ±0.15‰ over a period of a year (without re-calibration)
has been reported, which is a marked advantage compared to
NDIR [54]. However, CRDS systems are bulky, have large power re-
quirements and need stable operation temperatures [54], which
makes in situ application challenging. Regular analyses of reference
gases with well-deﬁned methane and oxygen concentrations are
required to correct for drift [29]. The systems also require the gas
stream to be dried, and a correction factor applied to obtain high
quality data [56]. The CRDS approach is still in its infancy with
respect to oceanic pCO2 measurements and has currently only been
deployed on ships. Due to the need for regular reference gas mea-
surements with dried gas, and the large size of the systems, they are
unlikely to be used for in situmeasurements in the near future.
2.2. Electrochemical pCO2 systems
First introduced in 1958, the electrochemical systems consist of
a glass pH electrode in a sodium bicarbonate buffer solution
enclosed by a membrane [57]. The pH electrode voltage is recorded
relative to a reference electrode, with any voltage change propor-
tional to the pH change in the buffer solution, and therefore pCO2.
Recent developments have focused on the type and thickness of
membrane and pH electrode design [58]. The systems allow
detection of low CO2 levels, with detection limits below 3 mM [59].
However, response times are controlled by the buffer reaction rates
and diffusion distances, with times ranging from 60 s [60] to ca.
4 min [61]. The addition of carbonic anhydrase to the membrane
[62,63] decreases the response time, but the enzyme is only stable
at low temperatures for a period of a month [62], andmay denature
over longer deployments [64].
A more recent electrochemical-based system implements an
Ion-Selective Field-Effect Transistor (ISFET) pH sensor with a buffer
solution and membrane. A pCO2 induced pH change in the buffer
solution causes a change in the surface charge of the ISFET, and an
alteration in the strength of the electric ﬁeld of the internal tran-
sistor relative to a reference electrode. The initial results are
promising with a response time of less than 60 s whilst deployed
statically at depth and at low temperatures [65,66] but the
approach has yet to be fully calibrated to determine pCO2 directly
from the voltage change [60].
The main limitation in the electrochemical systems is caused by
the pH electrodes. With classical electrodes, the standard potential
of the internal and external reference electrodes is both pressure
and temperature sensitive [58,59], with a susceptibility to elec-
tromagnetic interferences [67]. Furthermore, the liquid junction
potential drifts with the migration of highly charged seawater ions
[59], and to counteract this the electrodes require regular (weekly
e monthly) calibration [58]. The liquid junction potentials of the
pH-ISFET have a strongly pressure dependent output, causing
hysteresis, such that the sensors are not recommended for use at
depth [68,69]. Classical electrode systems are not typically used for
in situ pH or pCO2 measurements.
Intense research efforts are underway to address issues with the
pH-ISFET, however a recent deployment on an underwater glider
showed poor stability and light sensitivity [70]. Despite de-
ployments of a pCO2-ISFET alongside a pH-ISFET system in different
settings, there is little data available on the performance of the
pCO2 sensor independent of the pH-ISFET. The pCO2-ISFET requires
J.S. Clarke et al. / Trends in Analytical Chemistry 88 (2017) 53e6156careful calibration and characterisation, before it can be more fully
evaluated with respect to other systems presented here.
2.3. Wet-chemical spectrophotometric pCO2 systems
Spectrophotometric pCO2 systems pump a colorimetric pH in-
dicator through a CO2 permeable tube (e.g. silicone rubber [71e74]
or Teﬂon AF [75e77]) where it equilibrates with the seawater
sample, before being propelled to the detection cell where the
absorbance of the solution is measured at three wavelengths
(absorbance of the acidic and conjugate base forms of the indicator,
and an independent reference wavelength). Blank seawater-only
solutions are measured periodically to correct for light intensity
ﬂuctuations and mitigate the effects of biofouling [78].
Commonly used pH indicators are bromothymol blue [71,72],
and thymol blue [74] with hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) reported in a microﬂuidic system [76]. Precisions vary from
<1 matm [30] to 0.4% [75], with stability reported from 10,000
consecutive measurements [30] to 6 month [74]. Response times
are determined (as for the electrochemical systems) by the diffu-
sion distance of CO2 and the reaction time with the pH indicator.
These vary from minutes [71,75] up to an hour [73], while the
response of the microﬂuidic system varies with CO2 concentration
from 1 min at 214 matm to 3.8 min at 493 matm [76].
There are several other potential challenges with in situ spec-
trophotometric deployments, such as light source instability,
membrane or semi-permeable tubing deterioration and biofouling
effects [75]. Bubbles in the system can also hinder or distort the
measurements, particularly in microﬂuidic systems [79]. Despite
these issues, the systems have been successfully deployed on
moorings [71] and lagrangian buoys [74], with no signiﬁcant
observable drift but an offset from discrete sample measurements
[32]. Deployment time for spectrophotometric systems is typically
determined by battery lifetime, with SAMI-CO2 deployed for 6
months with a 0.5 hr1 analysis resolution [31]. The SAMI-CO2 was
calibrated using reference gases bubbled through seawater, and
using blank seawater to monitor potential drift. No drift was
detected in the ACT deployment, indicating excellent potential for
longer deployments [32].
Spectrophotometric pCO2 measurements using microﬂuidic
sensors have advantages because of their smaller size and lower
reagent and power requirements [76]. Future developments may
see these microﬂuidic systems being more widely deployed on
mobile in situ platforms where size and power requirements form
important constraints.
2.4. pCO2 optodes
Optodes for pCO2 measurements consist of an analyte-sensitive
indicator immobilised in a gas-permeable membrane, termed
sensor spot. Light from a Light Emitting Diode (LED) is directed to
the spot, exciting the indicator, which emits photons and these are
subsequently detectedwith a photodetector. The photodetector can
be located either opposite the chemical spot in a ﬂow-through
system or alongside the light source.Table 2
Previous optodes deployed in marine environments with analysis technique, precisio
hydroxypyrene-1, 3, 6-trisulfonic Acid, TOA ¼ tetraoctyl-ammonium, TOA-OH ¼ tetraoc
DLR ¼ time domain dual lifetime referencing, FRET ¼ ﬂuorescence resonance energy tra
Study Indicator and support
Schroeder, Neurauter [81] HPTS, TOA (HCO3) in ethyl cellulose membrane
Zhu, Aller [82] HPTS, TOA and TOA-OH in ethyl cellulose membrane
Neurauter, Klimant [83] HPTS-TOA in cellulose membranepCO2 optodes allow measurement of pCO2 in the dissolved
phase [76] and can be deployed directly in seawater with no refer-
ence gases nor mechanical parts, which is a signiﬁcant advantage
compared to the NDIR and spectrophotometric CO2methods. Table 2
lists a selection of pCO2 optodes that have been used in marine
systems. The majority were designed for and deployed at sediment
e water interfaces where the pCO2 gradients are pronounced.
Optodes are small and rugged with simple electronics, no wet
chemicals or waste products. Response times are primarily deter-
mined by CO2 diffusion across the membrane, and are on the order
of minutes (Table 2). The thickness of the diffusive boundary layer
above the membrane contributes to the response time, and this can
be reduced by stirring of the solution [80].
There is no CO2 consumption during the analysis, allowing
repeated analysis in small sample volumes. To date, pCO2 optodes
have yet to be fully commercialised for water columnmeasurements.
The potential for successful in situ water column deployment
using optode technology (based on the success of its oxygen
counterpart) merits further discussion of their designs and sug-
gestions for future developments.
3. Optode sensor technology
3.1. Hardware
The electronic components consist of a light source, optical
waveguide, and a photodetector (Fig. 1). The main variations be-
tween optode systems come from selection of the light source and
photodetectors. Filters can be used to improve signal to noise ratios
(SNR) of the sensor, but are not essential.
The light source must provide a stable illumination with low
power consumption. LEDs and laser diodes (LD) are most
commonly used due to their reliability, and small size; LEDs are
preferable as they can use smaller and less stable power supplies
compared to LDs [84]. LEDs are produced in a variety of wave-
lengths with a full width at half maximum (FWHM) of ca. 25 nm,
allowing use without ﬁlters [85], and have low power re-
quirements, thereby making them ideal for in situ systems.
The photoemission from the optode spot is quantiﬁed with a
photodetector, which should have a high sensitivity with a fast
response [86]. There is a range of suitable detectors, from small but
less sensitive photodiodes, to the larger but more sensitive photon
multiplier tubes (PMTs). Avalanche Photodiodes (APDs) offer in-
termediate performance and complexity. PMTs show a good SNR at
low light levels due to their high sensitivity. Charged Coupled De-
vices (CCDs) linked to cameras can be used to create a planar image
of the pCO2 concentration across the surface of the spot, however
they may require high quality lenses and make the systems
expensive and bulky. Photodiodes are attractive for in situ systems
as they are low cost and small, but less sensitive [87].
3.2. Spot composition
There are common approaches to the architecture of the
optode spots, with different development approaches betweenn, response time and the desired deployment environment. Where HPTS ¼ 8-
tyl ammonium hydroxide, f-DLR ¼ frequency domain dual lifetime referencing, t-
nsfer.
Analysis Precision Response time (unstirred) Deployment
t-DLR ~ ~ Aquatic sediments
f-DLR 2.5 min Marine sediments
FRET 60 ppb <1 min Water-sediment interface
Fig. 1. Schematic of optode setup.
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the support, membrane and indicator (Fig. 2). The support is in
contact with the sensor hardware and typically consists of an inert
strong compound such as polyethylene terephthalate [88].
3.3. Membrane
The membrane inﬂuences the immobilised indicator properties
and response time of the optode. The primary considerations for
membrane selection for pCO2 measurements are gas permeability,
non-ﬂuorescent characteristics and suitable interactions with the
indicator of choice. The most commonly used membranes are
composed of cellulose, sol-gel, or hydrogels.
Ethyl cellulose is a widely used polymer membrane due its
stability over the basic pH range and robustness with high
permeability towards CO2 [89]. Cellulose membranes suffer from
ion penetration, and an additional silicone layer between the
sample solution and spot may mitigate this, and additionally act as
optical insulation [88].
Hydrogels (such as polyurethane hydrogels [90,91]) use cova-
lent coupling with the indicator as opposed to the ionic interaction
of ethyl cellulose. Silica sol-gels have similar features to hydrogels,
but use encapsulated silica to form the membrane as opposed to
linked polymers used in hydrogels. Both the curing time and
starting polymers or silica used to form the hydrogels and sol-gels
must be carefully chosen for the correct pore size and indicator
interaction. The thickness of the membrane is a major contributorFig. 2. Generalised pCO2 spot composition. The gas permeable membrane is in contact wit
buffer solutions (denoted by the blue rectangles) and form carbonic acid which in turn inter
signal. The pH insensitive dye is not inﬂuenced by the carbonic acid and provides a consta
compound and is attached to the ﬁbre optic cable.to the CO2 diffusion distance and therefore the response time of
the sensor.
Optical isolation layers may be added to the outside of the
membrane in contact with the sample. These limit potential light
interferences from interactions of the LED light with components
in the sample solution (e.g. chlorophyll), and interference from
sunlight, thereby improving the measurement quality. A suitable
material for optical isolation is Teﬂon AF™, due to its low refrac-
tive index and high gas permeability with no water transfer. Sil-
icone rubber is also suitable due to its excellent adhesion,
chemical inertness and high gas permeability. The optical isola-
tion layer slows the sensor response time by increasing the CO2
diffusion distance.
3.4. Indicators
Desirable characteristics for the indicator include stability upon
immobilisation, a detection range suitable for the pCO2 levels in
seawaters, and a low photo-bleaching rate. Fluorescent pH in-
dicators are in common use for pCO2 optodes due to the range of
suitable, characterised indicators available across the marine pH
range. Molecules in use include the pH indicators 1-hydroxy-3,6,8-
pyrenetrisulfonic acid (HPTS) [82,92,93], the diazo dye Sudan III
[94] and diketo-pyrrolo-pyrolle (DPP) [95]. The use of pH indicators
further requires the immobilisation of a buffer molecule to cause
the change in pH upon pCO2 variations, and hence yield a ﬂuores-
cence response from the indicator.h the solution. The CO2 molecules diffuse across the membrane and interact with the
acts with the pH sensitive dye (the green circles) causing a change in the ﬂuorescence
nt background ﬂuorescence signal. The support is made of a strong, transparent inert
Fig. 3. LED waveform (blue square lines) with the spot output (black shark ﬁn curves
from the reference dye, and the red and black dashed line from the pCO2 sensitive dye)
analysed by t-DLR. Window 1 records the ﬂuorescence while the LED is on and the
response is primarily from the pCO2 sensitive dye (red and black), and Window 2
records the ﬂuorescence decay while the LED is off, attributed primarily to the longer
decay lifetime of the reference dye (black line) [104].
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creating an ion-pair which mitigates indicator leaching [96]. This
stabiliser can also be used as the immobilised buffer. The most
common molecule used for this purpose are quaternary ammo-
nium hydroxides, e.g. tetraoctylammonium (TOA). HPTS eTOA is
the most widely used pH-ion pair combination in pCO2 optodes
[83,97,98] due to the high sensitivity, high photostability (under
illumination at 460 nm [99]) and an excellent quantum yield [100].
From here on, the analyte-sensitive indicator refers to the combi-
nation of pH indicator with a buffer molecule as opposed to a
directly CO2 sensitive molecule.
Depending on the intended analysis method (see section 3.5), an
analyte-insensitive indicator may also be immobilised alongside
the analyte sensitive indicator. These must have similar absorption
and emission spectra to the analyte-sensitive indicator.
3.5. Analysis methods
There are three main techniques for signal detection in optode
systems: ﬂuorescence intensity, ﬂuorescent resonance energy
transfer (FRET) [89] and dual luminophore referencing (DLR) [101],
with the ratiometric DLR further subdivided between frequency
and time domain approaches (f-DLR and t-DLR, respectively). The
technique selected will have some bearing on the chemistry of the
sensing spot.
Fluorescence intensity measurements simply record, upon
excitation, the total ﬂuorescence response at a speciﬁc wavelength.
These measurements are largely obsolete with the implementation
of ﬂuorescence reference molecules (see below) which eliminate
interferences caused by e.g. sample turbidity and light source
ﬂuctuations [102].
3.5.1. FRET
For FRET analysis, a CO2 insensitive donor complex luminesces
upon excitationwith light and transfers energy to a colorimetric pH
dependant absorber that has a good absorption spectrum overlap
with the ﬂuorescence emission spectrum of the donor complex. At
increasing CO2 (and therefore decreasing pH), the pH dependent
absorber becomes protonated and the overlap diminishes, giving
the CO2 insensitive donor complex a longer ﬂuorescence lifetime.
The lifetime is measured through a change in the phase angle of a
single modulation frequency signal [94].
FRET allows integrationwith existing oxygen sensor technology,
thereby reducing the sensor development and production costs
[89]. A sensor applying the FRET technique (Table 2) has a rapid
response time of 24 s for 99% of the ﬁnal value (t99) with a tuneable
sensitivity. The pCO2 optodes using FRET show however a cross-
sensitivity towards oxygen due to the use of a ruthenium com-
pound as the luminescence donor. This method has lower SNR ra-
tios, but an enhanced susceptibility to signal drift compared to the
DLR techniques.
3.5.2. f-DLR
The DLR technique requires two molecules to ﬂuoresce with
different lifetimes: a reference dye with a relatively long lifetime
(microseconds) and an indicator molecule with a short lifetime
(nanoseconds) [102]. The f-DLR technique uses the change in phase
angle caused by a change in the ratio of the ﬂuorescence signal
amplitude of the indicator and reference molecules. The reference
ﬂuorophore provides a background ﬂuorescence signal that is not
affected by changes in pCO2; the major change in the phase angle
comes from the change in the pCO2 sensitive indicator ﬂuorescence.
Recent work has shown the suitability pCO2 optode spots for f-
DLR based monitoring [103]. The setup achieved a precision of
±2 matm over a CO2 range of 200e1000 matm and a response time(t63) of 88 s at 20C. The system has no moving mechanical parts or
chemical reagents, but is irreversibly poisoned by hydrogen sulphide.3.5.3. t-DLR
The DLR technique can also be used in the time domain
approach (t-DLR). In this case both reference and indicator mole-
cules are excited using the same wavelength and the intensity is
integrated through two ‘time windows’ (Fig. 3). One window is
during themolecular excitationwhere the response is controlled by
the strong ﬂuorescence from the pCO2 sensitive dye, and the other
window is during the ﬂuorescence decay where the response is
mostly attributed to the pCO2 insensitive long lifetime dye. The
ratio of the integration of the windows can be directly related to
pCO2. This method has similar disadvantages to the f-DLR technique
such as potential drift from photo-bleaching of the indicator and
reference dyes at different rates. However, the use of timewindows
allows shorter excitation times of the spot, and results in reduced
photo-bleaching and increased spot longevity.4. Optode pCO2 for open ocean observations
A pCO2 t-DLR optode was characterised and deployed as an
underway shipboard system for high-resolution measurements of
oceanic surfacewaters (Fig. 4). The spotwas illuminatedwith a blue
(475 nm) LED at low intensity to minimise power requirements
(1.8 W for the whole system) and spot bleaching. The time taken to
achieve 90% of the ﬁnal pCO2 value (t90) was determined as 160 s at
25C, with a laboratory precision of 0.8 matm (n ¼ 10 in certiﬁed
reference seawater from Andrew Dickson, batch 144, 20C). An
initial calibration over 290e450 matm at 25C and seawater salinity
(35) was performed using a gas calibration rig [105].
The preliminary pCO2 optode deployment was over a period of 6
weeks, measuring once per 6 min, from the Labrador Sea to the
Iceland Basin in the North Atlantic. This shipboard deployment
allowed rigorous testing of the lifetime and drift of the spot in
changing oceanographic environments while maintaining a
consistent experimental laboratory set-up.
To account for and quantify any potential drift, certiﬁed refer-
ence materials (CRMs) for TA and DIC, obtained from Prof. A.
Dickson (Scripps, USA), were analysed weekly. These measure-
ments showed a drift of 1.7 matm over the 6 week cruise and pro-
vided a long-term shipboard precision of 9.5 matm (n ¼ 64,
Fig. 4. Shipboard deployment of a pCO2 optode spot using the t-DLR analysis tech-
nique over a period of 7 weeks, with initial pCO2 concentration denoted by the col-
oured points overlaid on the cruise track.
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immediately after opening, and the optode was submerged at the
bottom of the bottles, which were subsequently closed to limit CO2
exchange with the atmosphere. Three measurements were under-
taken in the individual CRM bottles, before being discarded. It was
assumed that the pCO2 in the bottles was within the calculated
error for pCO2 (6 matm) as determined using CO2SYS from the
certiﬁed DIC and TA concentrations. The optode response was
further veriﬁed using discretely collected surface seawater samples
which were analysed using standard laboratory DIC and TA refer-
ence techniques, as per Atamanchuk et al. 2015 [103].
The weaker ship-based relative to laboratory precision may
have resulted from stronger microbial interferences during the
oceanographic deployment, potentially from microbial fouling of
the optode spot surface. The pCO2 ranged from 150 matm in the
Labrador Sea to 500 matm in the eastern North Atlantic. The lower
pCO2 in the Labrador Sea was due to the CO2 uptake by phyto-
plankton during the spring bloom [106] (Fig. 4). The Labrador Sea
has an earlier spring bloom compared to the eastern North Atlantic
as early in the season polar water masses transport nutrient-rich,
low salinity waters to the Labrador Sea, thereby providing good
light and nutrient conditions to stimulate phytoplankton growth.
The phytoplankton bloom progresses east during spring, reducing
surface water pCO2 levels. Our pCO2 results and the sensor per-
formancewill be discussed inmore detail in a future publication. As
is the case for the f-DLR based optode, the t-DLR optode deployed in
the North Atlantic had a strong temperature dependence with
limited salinity dependence, and calibration algorithms were used
to correct for this.
5. Summary and future outlooks
At present, the NDIR pCO2 sensors constitute the most devel-
oped technology for in situ measurements in ocean waters, but
require CO2 to be in the gas phase for analysis and suffer from
spectrometer drift. The NDIR pCO2 sensors have been deployed on
moorings, buoys andmobile platforms, but further work is required
to reduce their response time and gas calibration frequency to
facilitate extended routine deployments on mobile platforms. The
pCO2-ISFET sensor shows promising initial results but further
calibration and laboratory testing are required before amore robust
evaluation can be provided. The wet-chemical spectrophotometrictechniques have volume and pCO2 dependent response times and
require minimal in situ calibration. Further development of suitable
reference materials is recommended, particularly for the new
generation sensors that analyse pCO2 in the aqueous phase. Refer-
ence gases provide high accuracy measurements but cannot be
used for in situ measurements, in particularly at depth. Regular in
situ calibration with reference seawater materials during deploy-
ment of the sensors would form a good solution. Initial work on the
use of DIC-TA reference materials for pCO2 calibration showed
promise [107], although further work is required.
The work presented indicates the suitability of pCO2 optodes for
open ocean measurements. The optodes have a low power
requirement, no moving mechanical parts, and require no reagents
and produce no waste. The pCO2 optodes hence show great po-
tential for application on ﬂoats, gliders and moorings, with future
applications envisaged in monitoring oceanic and coastal waters,
and e.g. in industrial scenarios of CO2 leak detection in the vicinity
of carbon capture and storage sites. Current optode spot de-
velopments are focussed on decreasing response times, reducing
salinity dependency, and enhancing stability. Optode spot design is
also progressing towards multiple analyte determinations with
combinations such as pCO2, O2, pH, and/or temperature within a
single sensing spot [81]. This will be a signiﬁcant advantage on
mobile platforms where space, weight and power are limited.
However, optodes are still in the early stages of development with
further developments and in situ testing required before they can
compete with the NDIR technique.
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